Catabolic mannopine (MOP) cyclase encoded by Ti or Ri plasmids lactonizes MOP to agropine (AGR). The gene of the octopine-type Ti plasmid pTi15955 encoding the catabolic MOP cyclase enzyme previously was localized to a 1.6-kb segment within a cosmid clone, pYDH208. A subclone containing only this region complemented the AGR catabolism-negative phenotype conferred by a derivative of the octopine-type plasmid pTiB6S3 containing a Tn7 insertion in the region encoding the MOP cyclase enzyme. Uptake assays of strains harboring pRiA4 or pArA4a, along with complementation analyses, indicate that MOP cyclase is not sufficient for catabolism of AGR but that the strains must also express an AGR transport system. To determine the requirement for MOP cyclase in opine catabolism unequivocally, a site-specific, nonpolar deletion mutation abolishing only MOP cyclase activity was introduced into pYDH208, a cosmid clone that confers utilization of MOP, AGR, and mannopinic acid (MOA 244-7830. While the degradative scheme of the two arginyl opines octopine and nopaline is known (26, 27) , the pathways involved in catabolism of the mannityl opines are not completely understood. A specific MOA degradative pathway produces mannose and probably glutamate (10). However, nothing is known about the pathways by which MOP, AGR, and AGA are catabolized. Although a MOA degrading activity that produces mannose is detectable in crude cell extracts (10), the lactonization of MOP into AGR is the only well-characterized enzymatic activity directly involved in mannityl opine catabolism (9, 15 
Crown gall tumors induced by Agrobacterium tumefaciens or hairy roots induced by Agrobacterium rhizogenes produce unusual low-molecular-weight carbon compounds called opines, which are not found in normal plant cells. The known opines are classified into eight families (11) : octopine, nopaline, mannityl opines, agrocinopines, cucumopine, succinamopine, vitopine, and chrysopine. Except for the agrocinopines, in which two sugar moieties are linked by a phosphodiester bond (25) , all of the known opines are imine conjugates of keto acids or sugars and amino acids. For example, the mannityl opines, which include mannopine (MOP), agropine (AGR), mannopinic acid (MOA), and agropinic acid (AGA), are imine conjugates of mannose and glutamine or glutamate.
Catabolism of opines is characteristic ofAgrobacterium spp., although several other microorganisms can utilize these compounds (1, 3, 22, 28) . In most cases, the genes responsible for catabolism of the opines are encoded on Ti or Ri plasmids. These plasmids determine what opines a plant tumor synthesizes and what opines the bacterial strain catabolizes (4, 21) . For example, A. tumefaciens cells harboring an octopine-type Ti plasmid induce galls that produce octopine and the mannityl opines. These strains catabolize the corresponding opines but not those of other families. The opine biosynthetic genes within the T-DNA region are not expressed in the bacterium but function only in the host plant (2) . The catabolic genes, well separated from the T region, are expressed in the bacterium and usually are regulated by their cognate substrate.
While the degradative scheme of the two arginyl opines octopine and nopaline is known (26, 27) , the pathways involved in catabolism of the mannityl opines are not completely understood. A specific MOA degradative pathway produces mannose and probably glutamate (10) . However, nothing is known about the pathways by which MOP, AGR, and AGA are catabolized. Although a MOA degrading activity that produces mannose is detectable in crude cell extracts (10) , the lactonization of MOP into AGR is the only well-characterized enzymatic activity directly involved in mannityl opine catabolism (9, 15) . The activity of the lactonizing enzyme, called catabolic MOP cyclase, is normally repressed in Agrobacterium cells but can be induced by growth with MOP or AGR (9, 16) .
Several observations argue for the involvement of MOP cyclase in AGR catabolism. First, plasmid pRiA4 from AGRtype A. rhizogenes A4 confers utilization of AGR only (23) . This plasmid encodes a MOP cyclase activity that is inducible by AGR but not by MOP (9) . A second plasmid in this strain, pArA4a, confers catabolism of MOP, MOA, and AGA but not AGR and does not encode a MOP cyclase activity. The two plasmids, which are capable of cointegrating, cooperate to confer utilization of all four mannityl opines. Second, a MOPtype A. rhizogenes strain, 8196, can catabolize MOP, MOA, and AGA but not AGR. This strain lacks MOP cyclase activity (9) . Finally, a Tn7 insertion mutation in an octopine-type plasmid, pTiB6S3, abolishes AGR catabolism, as well as MOP cyclase activity, but still allows Agrobacterium cells to grow with MOP (7, 9) . However, if catabolic MOP cyclase is required for AGR utilization, then it is unclear why the activity of this enzyme lies strongly in the direction of lactonizing MOP to AGR both in vivo and in vitro. Strains expressing MOP cyclase activity quickly convert MOP taken up from the medium into AGR (9, The cosmid clone pYDH208 derived from pTi15955 confers utilization of MOP and AGR and encodes for the production of MOP cyclase (12) . Sequence analysis, coupled with genetic experiments, suggests that the MOP cyclase determinant is the first gene of a multigenic operon within this clone (16, 17) . Therefore, to determine the requirement for MOP cyclase in opine catabolism unequivocally, we constructed a directed nonpolar deletion mutation in the MOP cyclase gene of pYDH208 and assayed opine utilization patterns associated with the absence of MOP cyclase activity. Here (Fig. 1) , into pUC18. Plasmid pRSK was constructed by removing a 3.7-kb SmaI fragment from pRK415K. Plasmid pUCEIO was cloned into pRSK as a SmaI fragment to produce cointegrate plasmid pREIO.
Media and chemicals. Agrobacterium strains were grown in Lennox broth (Gibco BRL, Madison, Wis.) or in AT minimal medium containing 0.15% (NH)2SO4 (ATN [24] ). Opines were added as the sole carbon source at a final concentration of 5 mM. For induction studies, the inducer opine was added at a level of 1 mM. [14C]MOP (specific activity, 270 mCi/mmol) labeled in the mannose moiety was prepared as described before (5) .
[14C]AGR (specific activity, 270 mCi/mmol) was enzymatically synthesized from [14C]MoP (16) .
In vitro assay for MOP cyclase activity. MOP cyclase activity was assayed with toluenized cells as described previously (16 Mannityl opines were separated by high-voltage paper electrophoresis (HVPE) in acetic acid-formic acid (pH 1.8) buffer (23) . HVPE was carried out at 3,500 V for 25 min. Electrophoretograms were stained with Trevelyan's alkaline silver nitrate, which detects compounds with vicinal hydroxyl groups (29) .
Opine utilization. The ability to utilize a given opine as the sole carbon source was assessed by using solid or liquid ATN minimal medium as described previously (16) . Opine utilization was verified by determining the disappearance of the compound from liquid culture supernatants by using HVPE.
Recombinant DNA techniques. Plasmid DNA was isolated by the alkaline lysis procedure (20) . Restriction fragments were separated and recovered from 1% Nusieve agarose gels (FMC products) according to the method of Maniatis et al. (20) . Competent cells of Eschenichia coli were prepared and transformed by the CaCl2 method (20) . Agrobacterium strains were transformed by a freeze-thaw method (14) or by electroporation (31) . Restriction enzyme digestion and agarose gel electrophoresis were performed as described previously (16) .
In vitro protein synthesis. The proteins encoded by plasmids were labeled with [35S]methionine (1,078 Ci/mmol; ICN Biomedical, Inc.) by using the coupled transcription-translation kit from Amersham. Proteins were separated on sodium dodecyl sulfate (SDS)-10% polyacrylamide gels in a Laemmli gel buffer system (18) .
Metabolic studies with radiolabeled opines. The assay with radiolabeled opines was performed as described by LaPointe et al. (19) . Bacteria were grown in ATN minimal medium with MOP as the sole carbon source. Cells were harvested, washed twice with 0.9% NaCl solution, and resuspended in ATN medium to an optical density at 600 nm of 0.5. Radiolabeled opines (60 x 103 to 520 x 103 cpm; specific activity, 270 mCi/mmol) were added to 0.8 ml of the cell suspension to give a total volume of 1.0 ml. Samples (240 ,ul [each]) were taken at intervals and centrifuged. The pellet was washed once with 0.9% saline solution and resuspended in 10 [lI of 2 M acetic acid to release soluble intracellular components. This cell suspension was spotted onto Whatman 3MM paper, and HVPE was carried out at pH 1.8 in acetic acid-formic acid buffer. Under these conditions, acid-insoluble macromolecular material remains at the origin while soluble compounds migrate in the electrical field, depending upon their charge and size. The paper was dried and exposed to Kodak XAR film for 1 or 2 weeks.
Opine uptake assay. Uptake of radiolabeled substrate was determined as previously described (5, 16) . Measurements were initiated by inoculating 0.1 ml of cells at an optical density at 600 nm of 0.35 into 1.4 ml of ATN media containing radiolabeled opines (about 8,000 cpm; specific activity, 270 mCi/mmol).
RESULTS
Construction of MOP cyclase-deficient pYDH208 and pRB4. According to the DNA sequence (15, 17) , elimination of a 192-bp PvuI fragment will generate an in-frame deletion within the MOP cyclase gene and will remove the EcoRI site between EcoRI fragment 28 and EcoRI fragment 35 (Fig. 1) . This should result in a MOP cyclase null mutation that is not polar on downstream genes of the same operon. The scheme for constructing this mutation in the cosmid clone pYDH208 ( Fig. 1 [16] ), is presented in Fig. 2 . The 3.5-kb KpnI-HindIII fragment of pUC19KX was recloned into pSa4AH, which lacks a PvuI site. The resultant pSaKH, which encodes active MOP cyclase (Fig. 3 ), was digested with PvuI and religated to generate pSaKPH. Plasmid pSaKPH does not confer MOP cyclase activity (Fig. 3) . Analysis of translated proteins indicates that pSaKPH does not encode the 45-kDa MOP cyclase protein (17) but does give rise to a novel 40-kDa polypeptide (Fig. 4) . This protein is the correct size to represent a fusion of the amino-terminal and carboxy-terminal regions of MOP cyclase expected from the removal of a 64-amino-acid internal fragment encoded within the deleted PvuI fragment.
The 3.5-kb KpnI-SmaI fragment of pYDH208 was replaced with the 3.3-kb KpnI-SmaI deletion fragment of pSaKPH as shown in Fig. 2 . The structure of the resultant plasmid pYDPH208 was confirmed by EcoRI and KpnI digestion (data not shown). As we expected, pYDPH208 did not confer MOP cyclase activity on an Agrobacterium host (Fig. 3) . BamHI fragment 4 of pYDPH208 was cloned into vector pRK415K to produce pRBP4.
Opine catabolism conferred by pYDPH208 and pRBP4. Strain NT1(pYDPH208) grew with MOP as the sole carbon source, showing a doubling time of 5 h compared with that of 3.5 h for NT1(pYDH208) (16) . However, the mutant cannot utilize AGR even in the presence of inducing amounts (1 mM) of MOP ( (Fig. 5a ). When pregrown with MOP, this strain removed ['4C]MOP rapidly from the culture medium. However, this strain did not take up detectable amounts of ['4C]AGR even when pregrown in the presence of MOP, AGR, or a combination of the two opines.
An AGR-type Ri plasmid encodes some functions for MOP catabolism but not a MOP transport system. Strain C58C1RS harboring the Ri plasmid pRiA4 utilizes only AGR (23) . MOP cyclase activity encoded by this plasmid is inducible by AGR but not by MOP (9) . We considered that this pattern of inducibility could be due to the absence of a transport system for MOP. This strain took up [14C]AGR slowly when pregrown with glucose and rapidly following pregrowth with AGR. However, strain C58C1RS(pRiA4) did not remove detectable amounts of ["4C]MOP from the culture medium even when pregrown with AGR (Fig. 5b) .
Previous genetic analysis (16) indicated that region E of pYDH208 encodes a slow constitutive MOP uptake system. On the basis of this information, we constructed subclone pRE10 containing only this locus. Strain C58pAt-pTi-does not take up detectable amounts of MOP (Fig. 5c) . A derivative of this strain harboring pRE10 took up [14C]MOP rapidly even when pregrown with glucose (Fig. 5c ). Strain C58C1RS(pRiA4) carrying pRE10 also took up ["4C]MOP rapidly under noninducing conditions. This clone had no effect on the kinetics of uptake of [14C]AGR (Fig. 5d and 100 ,uAl of supernatant was assayed for remaining radioactivity by liquid scintillation spectrometry. Induced cells were prepared by adding MOP or AGR (at a final concentration of 1 mM) to earlyexponential-phase cultures grown in ATN medium containing 5 mM glucose followed by incubation for an additional 3 h. MOP was used to induce strain C58CIRS(pArA4a), and AGR was used to induce strains C58CIRS(pRiA4) and C58ClRS(pRiA4, pREIO). The induced cells were collected, washed, and inoculated into ATN medium containing
MOP (Table 3) . However, the strain remained unable to grow with MOA or AGA.
Analysis of intracellular products of metabolism. Cells were incubated with [14C]MOP or [14C]AGR, harvested at intervals, and treated with acetic acid. Soluble metabolites released by the cells were separated by HVPE and visualized by autoradiography. Cells of NT1(pYDH208) that were supplied with [14C]MOP converted the labeled substrate to AGR, as well as to several unknown compounds (Fig. 6 ). When cells of NT1(pYDPH208) were incubated with [14C]MoP, these unknown compounds also were detected but MOP was not converted to AGR. Among these unknown compounds, MOP or AGR metabolism in strain NTI(pYDH208) generates a compound, designated X, that migrates faster than AGR (lanes B and D of Fig. 6 ). This compound also is produced as a result of MOP metabolism in strain NT1(pYDPH208) but is not seen when this mutant is incubated with [14C]AGR (lanes A and C of Fig. 6 ). Thus, X can be derived from MOP or AGR. Radioactive spots representing MOP, AGR, and X gradually decreased with time, while the amounts of other compounds gradually increased with time (lane B of Fig. 6 ). Small amounts a Growth was tested on ATN agar medium containing 5 mM opine as the sole carbon source. -, no detectable growth; +, wild-type growth. ' Opine uptake was determined with radiolabeled MOP or AGR as described in the legend to Fig. 5 . +, rapid uptake of MOP when cells were pregrown in ATN liquid medium containing glucose as the sole carbon source; -, no detectable uptake of MOP.
' NT, not tested.
of radioactivity that comigrated with MOP were detected from cells of NTI (pYDH208) DISCUSSION Previous studies (7, 9) indicated that a Tn7 insertion mutation in an octopine-type plasmid, pTiB6S3, simultaneously abolished MOP cyclase activity and AGR catabolism. This mutation did not eliminate the capacity to utilize MOP, suggesting that MOP cyclase is not involved in catabolism of MOP. However, the Ti plasmid encodes two systems for MOP catabolism (12) , and one of these genetic systems is tightly linked to the gene encoding MOP cyclase (15, 16) . Thus, the mutation in pTiB6S3 might affect MOP catabolism encoded by this MOP cyclase-associated system, but the phenotype would be masked by the second, MOP cyclase-independent pathway. Clone pYDH208 encodes only one of these two pathways (12, 16) . That our MOP cyclase-negative mutant NTI(pYDPH208) does not grow with AGR but continues to grow with MOP argues that the latter opine is not degraded through a pathway that involves conversion to AGR. Complementation analyses indicate that the site-specific deletion mutation introduced into the catabolic MOP cyclase gene and the transposon insertion in pTiB6S3 do not have polar effects on functions required for catabolism of AGR. Moreover, the deficiency is not due to the inability to transport AGR; strain NT1(pYDPH208) removes radiolabeled AGR from the medium, indicating that the AGR transport system is intact. Therefore, the results clearly demonstrate that MOP cyclase is required for AGR catabolism but is not essential for MOP catabolism.
Previous studies (10, 16) showed that MOA catabolism encoded by pYDH208 is inducible either by MOP or by AGR. However, the MOA catabolic function encoded by the deletion derivative pYDPH208, while still inducible by MOP, no longer was induced when AGR was added to the growth medium. This suggests that MOP, but not AGR, induces MOA catabolism encoded by pYDH208. Since the MOP cyclase-positive strain NTl (pYDH208) can utilize MOA when preincubated with AGR while the MOP cyclase-negative strain NT1(pYDPH208) cannot, AGR must be converted into MOP by MOP cyclase in order to induce catabolism of MOA.
A clone encoding the T region anabolic MOP cyclase gene complemented the AGR-phenotype conferred by pYDPH208. This result indicates that the catabolic and anabolic MOP cyclase enzymes are interchangeable. From this result and from our work on sequence relatedness (17) , we conclude that the anabolic and catabolic MOP cyclase genes from the Ti plasmid are structurally and functionally related, supporting the assumption that the two genes have evolved divergently from a common ancestral gene.
Clone pREIO, which apparently encodes a MOP uptake system, enabled strain C58ClRS(pRiA4) to grow well with MOP. This indicates that the inability of pRiA4 to confer MOP catabolism is due to the lack of a MOP transport system. Moreover, that C58(pRiA4, pREIO) can utilize MOP raises the possibility that the AGR catabolic pathway encoded by pRiA4 proceeds through MOP in a manner analogous to the pathway encoded by pYDH208. However, clone pRPSS, which encodes a functional MOP cyclase gene, did not allow strain C58ClRS(pArA4a) to grow with AGR. Uptake assays indicate that the inability of C58C1RS(pArA4a, pRPSS) to grow with AGR is due to the lack of an AGR transport system. Hence, MOP cyclase activity is not sufficient to confer AGR catabolism. The strain also must express a functional AGR transport system. These results indicate that separate and noninterchangeable transport systems exist for uptake of MOP and AGR.
The complementation results and the opine utilization phenotypes conferred by pYDPH208 and pRBP4 suggest two possibilities for the pathway by which MOP and AGR are catabolized. In the first, AGR could be converted to MOP, which is further degraded by a MOP-specific pathway. Alternatively, the pathway could proceed from MOP to AGR, with AGR being further degraded through a catabolic pathway that is induced by MOP but not by AGR. We can exclude the second possibility because strain NT1(pYDPH208) grows well with MOP but does not utilize AGR even in the presence of inducing amounts of MOP. This suggests that degradation of AGR proceeds through MOP.
LaPointe et al. (19) reported that AGR is a major product of Fig. 6 . MOP cyclase catalyzes the forward and reverse reactions, converting MOP to AGR (lactonizing activity) and also converting AGR to MOP (lactonase activity).
MOP metabolism in octopine-type strain Ach5. The AGR resulting from MOP cyclase activity accumulates inside the cells and then is slowly degraded. The reverse activity, conversion of AGR to MOP by MOP cyclase, was detected in vitro, although the levels of MOP produced by this activity were very low (9, 19) . Consistent with this, ['4C]MOP was detected in cells of NT1 (pYDH208) Analysis of intracellular products indicates that catabolism of MOP or AGR produces a new compound that migrates faster than MOP or AGR at pH 1.8. Although there is no direct evidence that the compounds produced from MOP and AGR catabolism are identical, they are most likely the same because the spot is absent in extracts from cells of the MOP cyclase-negative mutant which had been incubated with
[I4C]AGR. Because compound X is not produced from AGR but is produced from MOP in strains lacking MOP cyclase activity (lanes A and C of Fig. 6 ), it is probable that the metabolic pathway proceeds from AGR to MOP and from MOP, through one or more steps, to compound X. This suggests that MOP is not catabolized by a single reaction involving cleavage of the imine bond between mannose and glutamine.
Using ['4C]mannose-glutamine as the substrate, LaPointe et al. (19) detected radiolabeled mannose and fructose in cell extracts of wild-type strain Ach5. When mannose-['4C]glutamine was used, glutamine and glutamate were detected. Thus, the final products of catabolism of MOP or AGR could be glutamine and mannose or fructose. On the basis of this finding and our results, we propose a pathway for the catabolism of MOP and AGR shown in Fig. 7 . Following uptake, MOP is initially lactonized to AGR. The accumulated AGR is slowly reconverted to MOP, which then is transformed into compound X, which is cleaved to yield glutamine and a sugar. The identity of compound X is still unknown. In the proposed pathway, the activity that catalyzes conversion of AGR to MOP is directly involved in catabolism of AGR, even though the initial reaction catalyzed by MOP cyclase appears to lie predominantly in the lactonization of MOP to AGR. This model is supported by the observation that purified MOP cyclase will convert AGR to MOP, but at an apparent reaction rate that is well below that of the lactonization reaction (15) . Taken together, the results suggest a novel metabolic strategy whereby the bacterium sequesters a carbon source as a soluble, enzymatically produced intracellular end product and then reconverts this product back to its precursor, all by use of the same enzyme.
